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A series of isomeric hexenylammonium and hexenyldimethylammonium cations were neu- 
tralized by collisional electron transfer in the gas phase in an attempt to generate hypervalent 
ammonium radicals. The radicals dissociated completely on the 4.8-5.4/~s time scale. Radicals 
in which the hexene double bond was in the 3-, 4-, and 5-positions dissociated by competitive 
N-H  and N-C bond cleavages. Allylic 2-hexen-l-ylammonium and 2-hexen-l-yldimethylam- 
monium radicals underwent predominant cleavages of allylic N-C bonds. Deuterium labeling 
experiments revealed no intramolecular hydrogen transfer from the hypervalent ammonium 
group to the hexene double bond. Ab initio and density functional theory calculations showed 
that alkenylammonium and alkenylmethyloxonium ions preferred hydrogen bonded struc- 
tures in the gas phase. The stabilization through intramolecular H bonding in 3-buten-1- 
y lammonium and 3-buten-l-yl methyloxonium ions was calculated by B3LYP/6-311G(2d,p) at 
26 and 18 kJ tool -1, respectively. No intramolecular hydrogen bonding was found for the 
al lylammonium ion. The hypervalent 3-buten-l-yl-methyloxonium radical was calculated to 
be unbound and predicted to dissociate xothermically by O-H bond cleavage. This dissoci- 
ation may provide kinetic energy for the hydrogen atom to overcome a small energy barrier 
for exothermic addition to the double bond. The 3-buten-l-ylammonium and allylammonium 
radicals were found to be bound and preferred gauche conformations without intramolecular 
hydrogen bonding. Vertical neutralization of alkenylammonium ions was accompanied by 
small FranckM2ondon effects. The failure to detect stable or metastable hypervalent alkenylam- 
monium radicals was ascribed to the low activation barriers to exothermic dissociations by 
N-H  and N-C bond cleavages. (J Am Soc Mass Spectrom 1997, 8, 1111-1123) © 1997 
American Society for Mass Spectrometry 
C ollisional neutralization of gaseous even-elec- 
tron cations deposits an electron in one of the 
unoccupied molecular orbitals to produce radi- 
cals in their ground or excited electronic states. For a 
carbocation or an unsaturated heteroatom-centered cat-
ion, the radical formed is often bound and can be 
detected as a stable species using neutralization-reion- 
ization mass spectrometry (NRMS) [1-4]. For a satu- 
rated onium cation (onium refers to ammcmium, oxo- 
nium, sulfonium, etc.), the radical formed by 
neutralization represents a hypervalent species [5, 6] 
that is often unbound or weakly bound in the ground 
electronic state [7-15]. 
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Stabilization in hypervalent radicals due to the pres- 
ence of another functional group has been reported for 
a few systems. For example, phenyl groups bearing 
electronegative substituents can stabilize the neutral- 
ized species by capturing the incoming electron to form 
a metastable zwitterion [16]. Hydrogen bonding was 
reported to stabilize ammonium radicals; in NH4"NH 3 
clusters [17, 18], whereas intramolecular H bonding in 
ammonium ions derived from organic diamines did not 
result in stabilization of hypervalent radicals following 
collisional electron transfer [13]. The existence of Ryd- 
berg molecules, e.g., NH4°oNH4 in which the odd elec- 
trons pair to form a weak bond, has been a matter of 
recent argument [19, 20]. 
We have reported recently on the unusual behavior 
of hypervalent oxonium radicals derived from proto- 
nated methoxyhexenes [21]. In those systems, the hy- 
drogen atom residing on the hypervalent oxygen atom 
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was transferred intramolecularly onto the hexene dou- 
ble bond, as distinguished by specific deuterium label- 
ing. We argued that since a rearrangement by ihydrogen 
transfer is typically slower than a direct bond cleavage 
[22], the slow reaction may provide a clock for the 
estimation of the lifetime of the hypervalent radical 
intermediate. Such a radical clock [23] may potentially 
be used to detect ransient intermediates on a time scale 
that is much shorter than the usual 10-7-10 -6 s amena- 
ble to NRMS measurements [1-4]. The present work 
reports a study of hypervalent ammonium radicals 
derived from protonated hexenamines 1-4 and N,N- 
dimethylaminohexenes 5-8. These systems offer two 
distinct structural features. First, the primary and ter- 
tiary amino groups are far more basic than the hexene 
double bond, as judged from the proton affinities of 
related alkenes and aliphatic amines [24-26]. Thus, a 
gas-phase acid can be chosen such as to protonate 
hexenamines selectively at the amine nitrogen. Second, 
the position of the double bond with respect to the 
protonated amino group can be varied from 5-hexenyl, 
as in I and 5, through 2-hexenyl, as in 4 and 8. This 
allows one to investigate structure ffects on hydrogen 
bonding between the double-bond pi system and the 
ammonium proton(s) in the cations and hypervalent 
ammonium radicals. We also investigate by density 
functional theory calculations [27] the hydrogen bond- 
ing in model alkenylammonium and alkenyl-methyl- 
oxonium cations and hypervalent radicals formed by 
vertical electron transfer (Scheme I, X = NH2 and 
OCH3). We address the question of whether an in- 
tramolecular interaction between the ammonium group 
and the double bond in the hypervalent radical can 
result in (i) stabilization, (ii) hydrogen transfer followed 
by formation of a stable carbon-centered radical inter- 
mediate, or (iii) opening of a distinct dissociation path- 
way. 
Exper imenta l  
Methods 
Neutralization-reionization mass spectra were ob- 
tained on a tandem quadrupole acceleration-decelera- 
tion mass spectrometer, as described previously [28]. 
Ammonium cations were generated by ammonia chem- 
ical ionization (CI) in a tight ion source at 180-200 °C 
and at reagent gas pressures ensuring efficient protona- 
tion and minimizing the formation of amine cation 
radicals. This precaution was important in order to 
prevent contamination of the (M + H) + ions with the 
13C isotope satellites of M +° at the same nominal mass- 
to-change ratio values. The optimized an~monia pres- 
sure in the ion source was estimated at 0.1-0.2 Torr. The 
[M + HI+/[M ÷'] ratios for the hexenamines were >20 
in most instances. Gas-phase deuteronations were con- 
ducted with ND3-CI  (ND3, Matheson, 99% D). The 
cations were accelerated to 8200 eV kinetic energy and 
neutralized by collisions with gaseous dimethyldisul- 
fide at pressures allowing 70% transmittance of the 
precursor ammonium ion beam. The residual ions were 
reflected by a special cylindrical ens, and the neutral 
intermediates were reionized to cations by collisions 
with oxygen in a downbeam collision cell. The oxygen 
pressure was adjusted to achieve 70% transmittance of
the precursor ion beam. Neutral lifetimes correspond- 
ing to the drift time between the neutralization and 
reionization cells were 4.8 and 5.4 ~zs for la'-4a" and 
5a-8a', respectively. 
Collision-induced issociation (CID) spectra were 
obtained on a Kratos Profile HV-4 double focusing 
sector mass spectrometer of forward (electrostatic sec- 
tor E precedes magnet B) geometry. 4-keV ions were 
dissociated in a grounded collision cell mounted in the 
first-field free region. The product ions were analyzed 
by a linked scan of E and B, keeping the B/E ratio 
constant. Oxygen was used as a collision gas that was 
admitted to the collision cell at pressures allowing 70% 
transmittance of the precursor ion beam. The CID 
spectra were averaged over 20-40 repetitive scans. 
Electron-impact mass spectra were also obtained on the 
Kratos Profile HV-4 instrument. The samples were 
introduced in the ion source from a glass liquid intro- 
duction system at room temperature. 
Materials 
Hexenamines 1-3 were prepared from the correspond- 
ing bromohexenes by standard azide syntheses (excess 
NaN3, dimethylsulfoxide, 20°C overnight), :followed by 
reduction of the hexenylazides with lithium aluminum 
hydride in refluxing ether [29]. 2-Hexen-l-amine (4) 
was synthesized by the Overman trichloroacetimidate 
method [30]. N,N-dimethylamino-hexenes 5--8 were 
synthesized by reacting the corresponding bromo- 
hexenes with a large excess of dimethylamine [29]. The 
products were purified by short-path distillation and 
characterized by 1H-NMR spectra and gas-chromatog- 
raphy mass spectrometry. The supporting spectroscopic 
data are available from the corresponding author upon 
request. 
Calculations 
Standard ab initio calculations were conducted using 
the CAUSSlAN 94 suite of programs [31]. The geometries 
of model amine and ether cations were optimized with 
spin-restricted Hartree-Fock calculations (RHF) using 
the 6-31G(d) basis set. Harmonic frequencies were ob- 
tained at the same level of theory and, after scaling by 
0.893 [32], used to obtain zero-point energy corrections. 
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Enthalpies, entropies, and free energies were obtained 
from standard thermodynamic equations using the cal- 
culated moments of inertia and scaled harmonic fre- 
quencies. Improved energies including electron corre- 
lation effects were obtained by single point calculations 
using the Moller-Plesset perturbation theory [33] trun- 
cated at second order (MP2) with frozen core excitations 
[32]. The single-point calculations were carried out with 
the larger 6-311G(2d,p) basis set [34] that was shown 
recently to give excellent proton affinities for a series of 
amines [35-38]. Alternatively, density functional theory 
calculations were employed to obtain optimized geom- 
etries and energies using Becke's hybrid functional 
(B3LYP) [39] and the 6-311G(2d,p) or 6-31G(d,p) basis 
sets. Calculations on hypervalent ammonium and oxo- 
nium radicals were performed with B3LYP/6- 
31++G(d,p) to take into account both the effects of 
electron correlation and the diffuse character of molec- 
ular orbitals in hypervalent onium species [7, 11]. 
Results and Discussion 
Hexenylammonium Ions
Cations la+-4a + are the precursors of hypervalent 
hexenylammonium radicals of interest. The properties 
of these ammonium cations were therefore investigated 
first through their CID spectra (Table 1). The CID 
spectra of ions la+-4a + showed loss of ammonia to 
produce C6Hll + ions at m/z 83, which underwent fur- 
ther dissociations to yield hydrocarbon ions at m/z 67, 
55, 41, and 39 (Table 1). In addition, nitrogen--containing 
ions were formed that appeared at m/z 30 (CH2NH2+), 
31 ('CH2NH3+), 44, 45, 56, and 70. The relative abun- 
dances of the CID fragment ions depended on the 
position of the double bond (Table 1). 
Deuterium labeling was used to determine the inter- 
~ x  ~ K  
1: X=NH 2: X=NH 2 
N(~H3) 2 X = N(CH:~)2 5: 6: 
3! X=NH 2 4: X=NH 2 
• X = N(CH3) 2 8: X = N(CH3) 2 
~ X  
la+: X = NH 3 
lb+: X = ND 3 
5a+: X = NH(CH3) 2 
~ X  
3a+: X = NH 3 
3b+: X = ND3 
7a+: X = NH(CH3) 2 
2a+: X = NH3 
6a+: X = NH(CH3) 2 
4a+: X = NH 3 
4b+: X = ND 3 
8a+: X = NH(CI'-13) 2 
8b+: X = ND(CH3) 2 
action of the ammonium and hexenyl groups in disso- 
ciating ions. CID of lb  + showed formation of C6Hll +, 
C6H10 D+, and C6H9D2 + in a 22:6:1 ratio. This indicated 
a limited H/D exchange between the ammonium group 
and the 5-hexenyl chain preceding or accompanying the 
elimination of ammonia. However, the fragments orig- 
inating by consecutive dissociations of the [MD - 
N(H,D) 3] + ions showed a low deuterium content, viz., 
the [m/z 68]/[m/z 67] and [m/z 56]/[m/z 55] ratios in 
Table 1. The eliminations of C2H 6 (m/z 70 and 73), CgH 8 
(m/z 56 and 58), and the formations of CH2NH3 +" and 
CH2NH2 + showed clean mass shifts on deuteration, 
which indicated negligible H /D  exchange between the 
ammonium and 5-hexenyl groups. CID of 2b + revealed 
the formation of C6Htl + by loss of ND 3 and C6H10 D+ by 
loss of ND2H in a 4.4:1 ratio. Exchange between the 
ammonium group and the 4-hexenyl group thus oc- 
curred to some extent during the elimination of ammo- 
nia. However, the products of subsequent fragmenta- 
tions of C6Hll + showed negligible deuterium content, 
viz., the [m/z 68]/[m/z 67] and [m/z 56]/[m/z 55] ratios in 
Table 1. These apparently contradictory results can be 
interpreted as follows. Direct elimination of ND 3 from 
lb  + and 2b + formed a reactive C6Hll + isomer that 
dissociated extensively to form unlabeled hydrocarbon 
ions. Isomerization i  lb  + and 2b + by H/D exchange 
followed by elimination of ND2H formed a more stable 
hexenyl ion that dissociated less and thus gave rise to 
the observed [C6H11]+/[C6H10D] + ratio• F'.limination of 
C3H 8 and the formation of CH2ND2 + and "CH2ND3 + 
proceeded cleanly with no significant H /D  exchange. 
The NDB-labeled ion 3b + showed a clean elimination 
of ND3 and a mass shift of m/z 30 to m/z 32 for 
CH2ND2 +. Hydrogen/deuter ium exchange between 
the ammonium group and the 3-hexenyl chain was 
negligible. CID of 4b + showed a clean elimination of 
ND3 to form C6Hll + at m/z 83, and a predominant 
formation of NDgH- (Table 1). Mass shifts due to the 
presence of deuterium were observed for m/z 71 to m/z 
74, m/z 56 to m/z 58, 59, m/z 31 to m/z 34, and m/z 30 to 
m/z 32. These mass shifts and the absence tlhereof for the 
C6Hl1+ ion were consistent with the retention of deu- 
terium in the ammonium or amine group. In particular, 
they indicated negligible proton/deuteron exchange 
between the ammonium group and the 2-hexenyl chain 
prior to or during the loss of ammonia. The elimination 
of CBHs and the formation of CH2NH2 + occurred with 
a hydrogen transfer from the ammonium group. How- 
ever, the labeling showed negligible reverse transfer that 
would have resulted in H /D  scrambling in the ions 
formed. 
To summarize, the dissociations of la+--4a + pro- 
ceeded by loss of ammonia nd cleavages of the hexenyl 
chain. The neutral fragments formed by these dissocia- 
tions were NH 3, C2H4_6 ,  C3H6_  8, and C4I-[ 7. Negligible 
proton exchange between the ammonium and hexenyl 
groups was found for dissociating 3a + and 4a +, 
whereas limited exchange was found for la  + and 2a +. 
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Table 1. Coll ision-induced issociation spectra of la+-4b  + 
Relativeintensity" 
m/z l a  + lb  + 2a + 2b + 3a + 3b + 4a + 4b + 
15 0.7 2 0.2 
17 3.5 2.2 0.9 1 
18 35 17 6.1 20 
19 1 0.2 
20 17 12 5.3 
21 68 38 17 
22 1.5 4 0.8 
26 4.4 4.6 2,7 1.2 1.5 1.4 1.6 
27 24 35 20 27 10 13 13 
28 17 11 13 9.3 6.2 4.5 7.6 
29 16 16 15 21 7 10 7 
30 100 4.2 88 6.5 52 1.5 11 
31 8.5 9.4 5.8 3.5 3.4 1.4 2.5 
32 69 91 48 
33 4.9 1.1 1.8 
34 13 7.5 3.8 
37 0.2 2.2 0.4 0.5 
38 3.7 3.8 2.6 0.7 1.8 0.9 2 
39 43 45 35 37 17 17 20 
40 6.9 9.6 5 5.4 3.5 3.7 3.3 
41 80 85 41 46 31 28 35, 
42 14 10 10 9 5 5 4 
43 13 5 13 5 4.5 3 5 
44 10 3.3 14 3 1.3 2 0.5 
45 14 7 12 7 2.5 1.6 
46 3 7 2.2 
47 9.5 11 0.7 
48 15 13 3.3 
50 2.4 3.4 3 0.5 2.4 1 2.1 
51 3.4 5.4 3.2 3.3 2.7 2.4 3.1 
52 2.8 2.8 2.8 1.6 2.3 2 3.3 
53 15 13 14 14 9 9 10 
54 19 25 13 13 7 6 26 
55 93 100 100 100 43 36 42 
56 38 6.5 20 7.7 4.4 2.3 20 
57 3.2 2.9 2.2 0.2 1.1 
58 5.4 33 0.4 11 0.2 2.4 
59 1.8 4.2 1.2 1.6 0.8 
60 
61 6.8 
62 3.2 
65 2 2.4 2.3 2.4 1.7 2.4 
66 2 2.5 2.1 0.6 2.1 1.2 2.2 
67 20 23 23 21 20 12 14 
68 1.4 1.6 3.2 2.7 4.8 3.5 4.5 
69 1 0.4 0.5 2.4 1.3 2.4 
70 6 3 1 6.7 
71 0,3 6.2 
72 0.8 
73 1.1 4.3 
74 
76 2 
77 1.7 2 1.3 1.2 1 1.2 
79 5 4.6 3.3 1.6 3 2.3 3.2 
80 1.5 2 1 1 0.5 1.2 
81 5.4 4.2 4.5 1.8 3.5 2 3.3 
82 9 4.3 23 19 25 14 12 
83 39 31 36 53 100 100 100 
84 4 8 2 12 3 5 3 
85 1.4 0.4 
98 1.2 0.8 0.5 1.1 
99 (14) b (13) b (3) ~ (4) b 
0.4 
54 
0.3 
1.1 
13 
3.5 
6.5 
0.8 
0.6 
4.7 
1.4 
2.4 
0.7 
18 
1.7 
38 
2 
3.5 
0.8 
0.6 
1 
3 
2.1 
4.8 
26 
30 
1.7 
0.6 
5.3 
3.4 
1.1 
1.4 
1.3 
12 
3.2 
1 
1 
3 
5.5 
0.5 
2.5 
0.6 
1.7 
9 
100 
8 
(Continued) 
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Table 1. Collision-induced dissociation spectra of la+-4b + (continued) 
Re la t ive  in tens i ty  a 
rn/z l a  + lb  ÷ 2a + 2b  + 3a  + 3b  + 4a  + 4b  + 
100 -~ -~ -~ _c  0.7 
101 0.7 0.4 0.4 
102 (12)  b (2) b (7) b (21)b 
103  _c  _c  _c  _~ 
a Percent of the most abundant f ragment ion. 
b Relative intensities of ions at m/z adjacent to those of the precursors may be affected by artifacts in B/E l inked scans. 
° Precursor ion intensities omitted. 
Hexenylammonium Radicals 
Neutralization with dimethyldisulfide of la+4a + fol- 
lowed by reionization with oxygen resulted in complete 
dissociation, such that no survivor ions la+4a + were 
detected in the NR spectra (Figure 1). Hence, the 
intermediate hypervalent radicals la '4a" were unstable 
on the 4.8-/~s time scale of these measurements. The NR 
spectra showed weak peaks of NH3 and hydrocarbon 
fragments of the C6H5_10 group at m/z 77--82, C5H 7 at 
m/z 67, C4H2_ 7 at m/z 50-55, C3H3_ 7 at m/z 39-43, and 
lO0 
 i°L A,': 2 " JtG._  ,ox 
I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  t . . . .  I . . . .  I . . . .  I . . . .  I '  
10 20 30 40 50 60 70 80 90 100 
m/z 
IO0 
10 20 30 40 50 60 70 80 90 1 O0 
m/z 
IO0 
10 20 30 40 50 60 70 80 90 100 
m/z I O0 
1 56 ~1~ 4x 
d . . . . . . . . . . . . . . . . . . . . . . . . .  i . . . .  i 
10 20 30 40 50 60 70 80 90 100 
rn/z 
Figure 1. Neutralization-reionization (CH3SSCH 3, 70% transmit- 
tance/O2, 70% transmittance) mass spectra of (a) la +, (b) 2a +, (c) 
3a +, and (d) 4a +. Insets show the (M + H) + regions in the CI mass 
spectra. 
C2H1-5 at m/z 25-29. The relative intensities of the 
hydrocarbon fragments differed for la+-4a +. Nitrogen- 
containing fragments were found at m/z 56 (loss of 
C3H s) and m/z 30 (CH2NH2). 
In order to elucidate the dissociations of la'-4a', the 
neutral products must be identified through signature 
peaks in their mass spectra [16]. The anticipated neutral 
products were amines 1-4, ammonia, ar, d C6Hl1" radi- 
cals. Cation radicals 1+'4  +. were found to dissociate 
extensively when formed by 70-eV electron impact 
ionization of amines 1-4, which gave very weak molec- 
ular ions. The ion dissociations produced fragments at 
m/z 82 (M - NH 3, C6H10+'), 70 (M - C2H6, C4HsN+), 67 
(C5H7+), 56 (M - C3H8, C3H6N+), and :30 (CH2NH2 +) 
that were representative of amines 14.37o characterize 
the C6Hl1" fragment from 4a', the CH3CH2CH2CH-  
CH===CH2 + allylic ion was generated by loss of metha- 
nol from protonated 1-methoxyhex-2-ene [21], and its 
NR spectrum was obtained for reference. The spectrum 
(Figure 2) displayed a C6H11 + survivor ion, and major 
hydrocarbon fragments of the C6H5_10, C5H5_8, C4H3__7, 
C3H3_6, and C2H1_5 groups. Other C6Hl1" primary rad- 
icals could possibly be formed by dissociations of 
la'-3a'. However, the corresponding C6I-]1l + ions were 
not available for reference, and their preparation and 
characterization was likely to be difficult because of the 
39 
26 
¢ . . . .  I . . . .  I . . . .  
10 20 30 
68 
. . . .  I ' ' ' ~ l  . . . .  I . . . .  I ' '  
40 50 60 70 80 
m/z 
Figure 2. Neutralization-reionization mass spectrum of C6H 11 + 
from protonation of 1-methoxyhex-2-ene. The collision conditions 
were as in Figure 1. 
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I . . . .  I ' ' '  I . . . .  
10 20 30 
. . . .  ~ . . . .  r . . . .  r . . . .  I . . . .  I . . . .  I '~  
40 50 60 70 80 90 1 O0 
m/z 
2O 
I . . . .  I 
10 20 
67 
? I ,1 
' ' ' 1  . . . . . . . . . . . . . . . . . . . . . . .  I . . . . .  r 
30 40 50 60 70 80 90 100 
m/z 
67 
20 • s8 I 82 
C ~  LA_,r ~....#' '~K....~'k,A__...,-a~k 
I ' ' '  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  ~¢~ 
10 20 30 40 50 60 70 80 90 100 
m/z 
Figure 3. Neutral ization-reionization mass  spectra of (a) lb  ÷, (b) 
3b +, (c) 4b ÷. The collision condit ions were as in Figure 1. 
instability of primary alkenyl carbocations and their 
tendency to isomerize to allylic structures [40]. 
The fragments in the NR spectra of la+-4a ÷ pointed 
to two major dissociations of la-4a. First, loss of H" by 
N-H bond cleavage formed amines 1-4, which dissoci- 
ated following ionization. The CH2NH2 + ion that was 
present in the NR spectra of la+-4a + was a signature 
for the formation of 1-4. Second, cleavage of the N-C 
bond in la'-4a" gave rise to ammonia and C6Hl1", as 
documented by the small peaks of reionized NH3 ÷" that 
appeared in the NR spectra of la+-4a + (Figure 1). Ions 
due to reionization of the complementary C6I-t11" radi- 
cals were undetectable (m/z 83), although the C6H10 +° 
(m/z 82) and C6H9 + (m/z 81) dehydrogenation products 
appeared in the NR spectra (Figure 1). The presence of 
abundant hydrocarbon fragments clearly indicated loss 
of ammonia from la'-4a'. The absence of C6Hll  + in the 
NR spectra indicated facile dissociations of the interme- 
diate C6Hll  ° radicals, reionized C6Hll  +, or a combina- 
tion of both processes. 
The interaction between the ammonium and hexenyl 
groups in hypervalent hexenylammonium radicals was 
investigated for the labeled species lb  °, 3b', and 4b" 
(Figure 3). The NR spectra of lb +, 3b +, and 4b ÷ showed 
no detectable survivor ions at m/z 103, indicating no 
stabilization of hypervalent hexenylammonium radi- 
cals through deuterium isotope effects. The NR spec- 
trum of 4b + showed no significant mass shifts for the 
hydrocarbon fragments at m/z 82, 67, and fi:agments of 
the C4HI_ 7 and C3H3_ 6 groups. A clean mass shift to m/z 
32 was observed for CHaND2 +. The peak of ammonia 
was split to ND3 +° and ND2 H+'. The former ion was 
due to reionization of ND3 from dissociation of 4b'. 
Alternatively, CAD of 4b + concurrent with collisional 
neutralization could produce a fraction of ND 3 that 
would yield ND3 +" upon reionization. The formation of 
the ND2 H+" ion could be interpreted in two ways. First, 
loss of D from 4b" would form 1-ND2, which could 
eliminate NHDa to give rise to NDzH +" after reioniza- 
tion. Second, a H /D exchange in 4b" followed by 
elimination of NHD2 would also yield ND2H +" after 
reionization. However, the latter mechanism should 
also produce deuterium-containing hydrocarbon frag- 
ments, which were not observed. The NR spectra thus 
showed no significant interaction between the ammo- 
nium and 2-hexenyl groups in hypervalent radical 4a ° 
that would have resulted in hydrogen exchange. 
The NR spectra of lb + and 3b + were somewhat less 
informative because of the poorer signal-to-noise ratios 
achieved (Figure 3). Nevertheless, the hydrocarbon 
fragments howed no significant mass shifts due to the 
presence of deuterium. The peak of ND3 +. showed no 
accompanying NDxHB_x +" ions that would suggest H /D 
exchange in 3a'. Likewise, the NR spectrum of lb" 
displayed aclean peak of ND3 +" and no significant mass 
shifts for the hydrocarbon fragments. The labeling data 
allowed us to conclude that the ammonium and hex- 
enyl groups in la" and 3a" did not interact by intramo- 
lecular hydrogen transfer. 
Ab Initio and Density Functional Theory Studies 
of Model Systems 
The dissociations of hexenylammonium radicals la'--4a 
differed substantially from those of the analogous hex- 
enylmethyloxonium radicals, in which extensive migra- 
tion of the ether proton onto the hexenyl group was 
observed [21]. To gain more insight into these pro- 
cesses, we investigated the XH- • • C==C intramolecular 
interactions (X = NH2, OCH 3) by ab initio calculations 
with model 3-buten-l-ylammonium and 3-buten-l-ylm- 
ethyloxonium ions and radicals. The 3-butenyl group 
allows for intramolecular hydrogen bonding through 
five- or six-membered cyclic structures and at the same 
time is small enough to permit ab initio calculations 
with reasonably large basis sets to treat the cations and 
radicals adequately. Optimized structures were ob- 
tained with B3LYP/6-311G(2d,p) for hydrogen-bonded 
and stretched 3-buten-l-ylammonium cations 9a + and 
9b + (Figure 4) and 3-buten-l-yl methyloxonium cations 
10a ÷ and 10b + (Figure 5). Complete optimized param- 
eters including bond and dihedral angles are available 
from the corresponding author on request. 
Compared with the stretched rotamer 9b ÷, the opti- 
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Figure 4. B3LYP/6-311G(2d,p) o timized structures of 9a + and 9b + and B3LYP/6-31++G(d,p) 
optimized structure of 9a'. Bond lengths in angstroms. SOMO in 9a" with total atomic harges (roman) 
and total atomic spin densities (bold italics). 
mized structure of 9a ÷ showed somewhat longer C===C 
and N-HN1 bonds due to hydrogen bonding. Similar 
geometry changes were obtained for 10a + and 10b +, 
whereby the H-bonded isomer showed slightly longer 
C==C and O-Ho bonds. The optimized structures also 
showed that the H-bonded oxonium proton in 10a ÷ 
came closer to the double bond than did the ammonium 
proton in 9a ÷, as documented by the corresponding 
internuclear C . . .  H distances (Figures 4 and 5). The 
cyclization due to hydrogen bonding also resulted in 
negative ntropy changes, which were relatively greater 
for 10b + and 10a + than for 9b + and 9b + (vide infra) and 
were consistent with the tighter ring structure in the 
oxonium ion. The H-bonded ammonium cation 9a + was 
calculated to be more stable than the open-chain isomer 
9b +. However, the calculated enthalpy difference be- 
tween 9a + and 9b + was relatively small and did not 
depend much on the level of theory used (-25 to -28 kJ 
mo1-1, Table 2). It can be concluded that the N-  
H +. . .  C==C hydrogen bond in 9a + is comparable to 
those in 1,2-amino alcohols and ethers (18-26 kJ mo1-1 
[26, 41]) but weaker than the intramolecular H bonds in 
1,3-amino alcohols (40-45 kJ mol -~ [42]), or 1,2- and 
1,3-diamines (33-41 and 65-67 kJ mo] -1, respectively 
[43-45]). The calculated free energy difference at the 
typical ion source temperature of 473 K (A(~°473 = -23 
and -26 kJ mo] -1 from the MP2 and B3LYP enthalpies, 
respectively, AS473 = --5.9 J mo1-1 K -1) indicated that 
99.7%-99.9% of 9a + is present as the H-bonded form at 
thermal equilibrium in the gas phase. 
The intramolecular O-H . . .  C==C bond in the 3- 
1.087 
1.086 /Hsc  
Hsa~- .~ 1.085 ~'% !. 1.o86 
• 1.483 ~ Hsb u 
l ho-C+=2273 t ~o9o b .  / " ' "  1.o87 No'C3 = 2'134 / +'= ~/"  ~ .. _ '~ :>~."~+ ) Ho, V ].~lb ~1 a 
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• . 1.092 /1.523 
H4bl,:~, 83 H 2 b;:,:'~'C/2: +: .o93 
1 086 " "~4 C~ 1.506 ~.,12a 
~ , .3~ 
H4a 1.087"~"13a 
10a + 
1.087 
Hs~ 
m sa~,,,,~+ . . . .~sc 
1.085 "5~ 1.086 
1.089 + 
• 1.489 / n1% 
1.086 - t~ 1.538 "~1"10 
/ 
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1 '085~41"325 108~ 6 H+. v ~, 
10b + 
Figure 5. B3LYP/6-311G(2d,p) o timized structures of10a + and 
10b +. Bond lengths in angstroms. 
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Table 2. Calculated total energies" 
RHF/6-31G)(d) MP2/6-311G(2d,p) B3LYP/6-311G(2d,p) B3LYP/6-31 + + G(d,p) ZPVE H29s- H o 
9a + -211.499805 
9b ÷ -211.489948 
9a" 
9a'(VN) b 
lOa + -270.312040 
lob  ÷ -270.306947 
11a + 
11a  ° 
11a ' (VN)  b 
B3LYP/6-31(d,p) 
-173.629973 
-212.362943 -213.003754 357 19.4 
-212.351898 -212.993793 356 20.2 
-213.100637 
-213.096165 
-272.150947 391 23.5 
-272.143643 390 24.5 
B3LYP/6-31++G(d,p) 
-173,787176 
-173,785096 
a In units of hartree, 1 hartree = 2625.5 kJ mol -~. 
b Single-point energies on optimized ion geometries corresponding to vertical electron attachment. 
buten-l-yl methyloxonium ion favored the cyclic iso- 
mer 10a + by 18 kJ mo1-1 as calculated by B3LYP for the 
298-K enthalpy difference between 10b + and :10a + (Ta- 
ble 2). The AG°473 for the conversion of 10b + to 10a + 
was calculated as -14.5 kJ mo1-1 (AS473 =: -10.1 J 
tool -1 K -1) favoring the H-bonded isomer. Hence, 
>97% of the protonated ether should be in the H- 
bonded form 10a + at thermal equilibrium. The equilib- 
rium data calculated for the model 3-buten-l-ylammo- 
nium and 3-buten-l-yl methyloxonium cations can be 
extrapolated readily to the 3-hexen-l-ylammonium and 
3-hexen-l-yl methyloxonium ions under study, which 
should also exist predominantly as H-bonded struc- 
tures in the gas phase. Likewise, because there are no 
geometry constraints that would prevent intramolecu- 
lar H bonding in 4- and 5-hexen-l-ylammonium and 
oxonium ions, it is reasonable to assume that cations 1 + 
and 2 + and their oxonium analogs [2l] existed predom- 
inantly as H-bonded structures. In contrast, allylammo- 
nium cation l la  + was calculated to exist as a single 
gauche conformer with no intramolecular H bonding to 
the C==C double bond (Figure 6). A similar gauche 
conformation was expected for the homologous 2- 
hexen-l-ylammonium ion 4a *. 
Vertical electron attachment to 9a ÷ forms hyperval- 
ent radical 9a" without changing the ion geometry 
(Table 2). The geometry relaxation in nascent 9a" was 
investigated computationally. First, the N-C-3 distance 
was fixed at d(N-C-3) = 3.0 and 3.2 ~, while the other 
internal degrees of freedom were optimized. These 
calculations showed an energy decrease by 9 and 12 kJ 
tool -1 at d(N-C-3) = 3.0 and 3.2 ~, respectively, com- 
pared with the vertically formed 9a'. The energy gradi- 
ent along the N-C-3 coordinate was only 9.2 kJ mo1-1 
~-1 at d(N-C-3) = 3.0 ~. Full optimization gave a local 
energy minimum corresponding toa gauche conformer 
9a', which was 12 kJ mol -~ lower in energy than the 
vertically neutralized structure. The main structural 
differences between 9a + and 9a" were in the N-H bond 
lengths, which were longer in the radical, and the 
torsional angle about the C-1-C-2 bond (Figure 4). In 
the optimized structure 9a" the NH3 group points away 
from the double bond, such that there is no N-  
H • • - C=K: hydrogen bond. The long N-H bonds in 9a" 
are in keeping with those computed previously for 
hypervalent methylammonium radicals [7, 11, 12]. 
Vertical electron attachment to the allylammonium 
cation 11 + forms the hypervalent radical 11a °. Full 
optimization of the latter resulted in only a minor 
geometry relaxation (Figure 6). The Franck-Condon 
effects upon neutralization, expressed as a difference 
between the B3LYP/6-31+ +G(d,p) energies of the ver- 
tically formed and relaxed 11a', amounted to only 5.4 kJ 
mo1-1. 
Although the calculations yielded alkenylammonium 
radicals 9" and 11" as local energy minima and indicated 
small Franck-Condon effects upon vertical electron 
transfer, the NR experiments showed no survivor ions 
that would support metastability of hypercalent hex- 
enylammonium radicals on the microsecond time scale. 
This discrepancy points to the low kinetic stability of the 
1.026 1,057 
1026 ,;HN 1 H 1.041 ,,~-I N 
I 1,039 
1.091 |1.547 1.093 1.554 
• 1.087 HlbliJ. .... ~(L 1 087 Hlbta.., 
1"13blSlJ" ,,, .335 ,,,,~ 1 1,093 H3bll l l" ' ,  354 ..... ,~ 1~. 1.096 
• ~%~='  ;49s'N~l" "~c3-~-~:2. 1.484 ~dl 
a 1.085 08 a 1.O85 
11a  + 11a"  
-o.18(.o.3~ -0.o6(o.4a) 
0.14(0 .2~ 
_ 
, f  , ,  o.,Io.o  
-o.44 (o.28) -o.o1(.o.o~ 
F igure 6. B3LYP/6-31G(d,p) optimized structure of 11a + and 
B3LYP/6-31+ G(d,p) optimized structure of 11a °. Bond lengths 
in angstroms. SOMO in 11a" with total atomic harges (roman) and 
total atomic spin densities (bold italics). 
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hypervalent ammonium radicals. By analogy with 
smaller methylated ammonium radicals for which the 
dissociation energetics and kinetics are known [7, 10- 
12], the exothermic dissociation of the N-H  bond 
should require only a small activation barrier (<30 kJ 
mol -~) in the ground electronic state [7]. The precursor 
hexenylammonium ions are estimated to have substan- 
tial enthalpies, e.g., ~65 kJ mol 1 in 5a + at the ion 
source temperature of 473 K. The vibrational portion of 
this thermal energy, ~50 kJ mo1-1, goes to the hyper- 
valent radical and is sufficient o drive rapid dissocia- 
tion by N-H  bond cleavage. In addition, excited elec- 
tronic states can be formed by electron transfer and 
dissociate by N-C bond cleavage as found for dimeth- 
ylammonium [12]. 
The effect on the radical electronic properties of the 
unpaired electron in 9a" was investigated by Mulliken 
population analysis of the UHF/6-31+ +G(d,p) wave- 
function for the vertically reduced structure in its 
ground (2A) electronic state. The singly occupied mo- 
lecular orbital (SOMO) consisted predominantly of dif- 
fuse atomic s orbitals on C, H, and N (Figure 4). The 
hydrogen atom which was engaged in H bonding (HN1) 
carried a positive charge, whereas the negative charge 
density, typical for hypervalent ammonium radicals, 
was located at the other two ammonium hydrogen 
atoms and the backbone carbon atoms. Although the 
coulombic interaction between the positively charged 
HN1 and the negatively charged C-4 was attractive, the 
overall multipolar interaction between the negatively 
charged ammonium group and double bond was repul- 
sive and resulted in a torsional motion about the 
C-1-C-2 bond, which separated the two moieties and 
disrupted the hydrogen bond. Rotation about the C-1- 
C-2 bond to reach the equilibrium geometry showed a 
continuously negative gradient, which indicated a fast 
geometry change. 
This analysis provides a rationale for the absence of 
hydrogen transfer in hypervalent alkenylammonium 
radicals. Following neutralization, the radical under- 
goes fast relaxation by internal rotation that separates 
the ammonium groups from the double bond. The 
energy barrier to N-H  bond cleavage is small (cf. 28 kJ 
mo1-1 in methylammonium [7]), and comparable to 
that for H ° atom addition to the double bond (20-35 kJ 
mo1-1 [46]). Hence the exothermic dissociation by N-H  
bond cleavage [7, 11, 12] should outcompete the rear- 
rangement by hydrogen transfer to the double bond. 
Population analysis of al lylammonium radical 11a °
showed that the SOMO was delocalized over N, C-1, 
C-3, and the ammonium and methylene hydrogen 
atoms (Figure 6). The populations were similar in the 
vertically neutralized and relaxed radical structures. 
The SOMO consisted mainly of the diffuse 3s, 4s, and 3p 
atomic orbitals; however, its nodal properties did not 
resemble those of an atomlike Rydberg orbital. Interest- 
ingly and in contrast o methylammonium radicals [7, 
11, 12], 11a" showed substantial negative charge and 
spin density at the terminal sp 2 carbon atom (C-3, 
Figure 6). This was due to a through-bond interaction of 
the ~r(C==C) orbital with the diffuse (3s + 4s) cr orbital 
of the gauche C-1-N bond, which resulted in spin 
polarization of the 2p atomic orbitals at C-3. This 
analysis howed that the "hypervalence" of the ammo- 
nium group depends on the electronic structure of the 
substituents, and that significant interactions between 
the ammonium group and substituents exist in larger 
organic ammonium radicals. 
The oxonium radical 10a" showed an entirely differ- 
ent behavior. In keeping with the previous finding for 
dimethyloxonium [8], 10a" was found to be unstable 
and dissociate without barrier by cleavage of the O-H 
bond. The latter dissociation showed a substantial neg- 
ative energy gradient along the O-H coordinate (-104 
kJ mo1-1 ~-1)  and gained >62 kJ mol -~ by stretching 
the bond from 0.999 A in the vertically neutralized 
structure to 1.092 ~ in a partially dissociated one. The 
reaction path for complete dissociation to 1-methoxy- 
but-3-ene and hydrogen atom has not been investigated 
because of the considerable xpense of these calcula- 
tions. The repulsive potential energy surface along the 
O-H coordinate indicated a very fast dissociation of k 
1014 S -1, which should be an order of magnitude faster 
than the rotation about the C-1-C-2 bond and other 
intramolecular motions concerning the C-C-C-C-O-C 
framework. This implies that on the time scale of the 
O-H bond dissociation, the molecular frame is frozen, 
and the hydrogen atom is forced to move toward the 
double bond, where it can be captured to form a C-H 
bond in a highly exothermic reaction [21]. It should be 
noted that addition of H ° to the double bond faces a 
small energy barrier, which can be estimated at 20-35 kJ 
mo1-1 [46]. However, this small barrier should be 
overcome by the substantial energy released by the 
exothermic dissociation of the O-H bond. In a sense, the 
exothermic hydrogen transfer in 10a" can be viewed as 
an addition of a hot hydrogen atom to an olefin [46]. 
Hexenyldimethylammonium Ions and Radicals 
CID spectra of protonated N, N-dimethylaminohexenes 
5a÷-8a ~were studied to identify the neutral fragments 
formed by ion dissociations. The CID spectra of 5a +- 
8a + differed (Table 3). CID of 5a ~-7a + showed forma- 
tions of CsHsN + at m/z 58 due to loss of neutral CsH10 
and abundant groups of C2H6_sN + ions at m/z 44-46. 
Interestingly, the C6Hl l  + ion was negligible in 5a + and 
6a +, attesting to an inefficient loss of neutral dimethyl- 
amine. The latter dissociation was more ]prominent in 
the CID spectra of 7a-- and 8a + (Table 3). The elimina- 
tion of dimethylamine from 7a + and 8a + is. understand- 
able, because it can produce stable homoallylic and 
allylic hexenyl cations. Deuterium labeling in 5b- 7b +, 
and 8b + showed clean mass shifts for the C2H6_8 N+ 
ions, which appeared at m/z 45-47. This indicated that 
the neutral fragments, C6Hll ° and C6H10 , respectively, 
did not retain the ammonium deuterium atom. More- 
over, the CID spectra of the deuterium-labeled ions 7b ~- 
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Table 3. Collision-induced issociation spectra of 5a+-8b ÷ 
Relative intensity a 
m/z 5a + 5b + 6a + 6b + 7a + 7b + 8a ÷ 8b ÷ 
18 1 1 0.4 0.3 
19 2.3 1.2 
22 2 
26 0.8 2.4 1.4 
27 3.4 15 2.8 11 5.5 
28 3.5 7 3.2 5.3 5 
29 3.8 20 3.8 16 6.5 
30 2.6 4 3 3,3 
31 0.6 6.2 3.6 
32 1.6 0.7 
33 
38 0.6 1.5 0.8 
39 12 20 8.2 14 11 
40 1.7 3.7 1 2.8 2 
41 31 54 16 21 32 
42 12 14 10 10 14 
43 6 7 5 6 7 
44 99 12 54 8.4 83 
45 21 1 O0 29 77 38 
46 9 71 18 51 14 
47 47 26 
48 1 
50 1 1.5 0.7 1 
51 1 1.6 1 1.7 
52 1 1 0.8 1 
53 6.5 7.3 6.3 6.2 7.7 
54 3.3 3.2 2.5 3.2 3.4 
55 43 50 57 63 62 
56 5.8 5 6.3 6 4 
57 7.2 5.5 6.5 4.4 7 
58 100 97 100 100 100 
59 3.8 4.4 3.8 4.5 4.1 
60 2.6 1.8 
64 
65 1 1.7 0.8 2.3 0.7 
66 
67 1.6 2 5 4.6 10 
68 1.2 1.3 1 5.8 
69 1 1.4 1 2.4 
70 14 2.3 4.4 1.3 6.4 
71 3.4 12 3.2 6.2 1.5 
72 3 1.6 6.6 1.4 0.6 
73 1 2.8 0.8 6 
74 1.3 1.3 
77 0.8 1 0.6 1 
79 2.2 2.3 2 1.4 2.7 
81 3.5 3.1 3.8 2.5 6.2 
82 1.6 1 2.5 2 5.3 
83 3.7 3.4 2.2 2.7 40 
84 17 9 11 4.8 
85 1.4 3 0.7 3.6 0.7 
87 2.6 2.2 
96 1.3 2.7 
97 1.2 0.7 
98 1.6 3 1.7 2.6 
99 1 1.8 
100 0.6 
112 4.8 4.7 10 
113 4 4.4 
114 
126 3.4 3.8 4.3 
127 (13) b 2.8 (5) b 3.7 (10) b 
0.6 0.5 
2.1 1.6 
0.3 
2 1.6 
16 5.3 14 
6 4 5 
20 4.3 15 
3.6 2 
4 2.8 
1 0.5 
3.7 0.8 
1.4 1 
16 12 12 
3.6 2 2.4 
49 40 39 
15 15 11 
8 9 6 
8.7 100 7.1 
98 80 1 O0 
64 37 75 
21 32 
1.3 1.3 1.7 
1.8 1 1,3 
1.4 1 1 
9.3 9.6 7.2 
4.3 7.7 5.6 
73 80 54 
5.6 5.7 4 
6.6 3.3 2 
100 21 12 
3.8 0.8 0.6 
2 1 
2 1 1.8 
2.6 1.2 1.5 
1.2 0.8 1 
10 13 7,7 
5,3 7.3 2 
3.7 1 3.2 
1 12 1.3 
7.6 1 7.8 
0.8 1.2 
0,7 
1 
1.3 0.8 
2,8 3.5 2.2 
6 11 5 
3,8 13 5 
39 88 47 
4 17 5.7 
3 1.6 4 
3.1 
2.4 1,7 1.4 
0.8 5 1.2 
3 12 1.8 
1.4 7 
14 
9 7 
1.6 
4.1 
3 (15) b 1 
(Continued) 
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Table 3. Collision-induced dissociation spectra of 5a÷-8b +(continued) 
Relative intensity a 
rn/z 5a + 5b  + 6a  ÷ 6b  + 7a + 7b + 8a + 8b  + 
128 _c (15)b _¢~ (28)b _c (15)b _~ (13)b 
129 --~ --~ _c _~ 
a Percent of the most abundant fragment ion. 
b Relative intensities of ions at m/z adjacent to those o~F the precursors may be affected by artifacts in B/E linked scans. 
c Precursor ion intensities omitted. 
and 8b + showed clean losses of (CH3)2ND, indicating 
negligible H /D  exchange between the dimethylammo- 
nium and hexenyl groups. Hence, none of the ion 
dissociations involved H/D exchange between the dim- 
ethylammonium and hexenyl groups. 
Neutralization-reionization of 5a+-8a + resulted in 
complete dissociation of the intermediate radicals 5a'- 
8a', as no survivor ions were detected in the spectra 
(Figure 7). The radical dissociations proceeded mainly 
by N-C bond cleavage to form dimethylamine and 
C6Hz1". Dimethylamine was detected after reionization 
as (CHg)2NH +" at m/z 45 and its fragment ion at m/z 44. 
The [m/z 45]/[m/z 44] abundance ratios (-0.3) were 
similar to that in the standard NR mass spectrum of 
dimethylamine [47]. The energetics of collisional charge 
transfer in the latter system has been investigated in 
detail recently; it was estimated that in order to give a 
ratio of [m/z 45]/[m/z 44] = 0.3 following collisional 
reionization, about 65% of (CHB)2NH molecules had 
internal energies in excess of 70 kJ mo1-1 [47]. By 
analogy, this implied that the (CHg)2NH molecules 
formed from 5a'-8a" were vibrationally excited such 
that a large fraction had internal energies exceeding 70 
kJ mol -] [47]. The complementary C6Hl1" fragments 
were not detected as C6Hll + ions for 5a'-7a" (Figure 7). 
However, the NR spectra showed their dissociation 
products at m/z 77-83, 67, and 50-55. We did not 
distinguish whether the dissociations of the hexenyl 
fragments occurred in the radicals or after collisional 
ionization, although both neutral and ion dissociations 
were likely. A C6Hll + ion was detected in the NR 
spectrum of 8a" (Figure 7). In this case, a stable allylic 
ion is expected to be formed by collisional ionization of 
the 2-hexen-l-yl radical. 
Loss of the ammonium hydrogen atom was indi- 
cated by the formation of amines 5-8 and their dissoci- 
ations following collisional ionization. For 5+'-7 +', ion 
fragmentations were dominated (>50% total ion current) 
by a-cleavage dissociations forming CH2--~-~N(CH3)2 + at 
m/z 58 [48]. The ion at m/z 58 also appeared as an 
abundant fragment in the mass spectrum of 8, which in 
addition showed fragment ions at m/z 98 and 84. The 
C3H8 N+ ion thus served as a signature for 5-8. The NR 
spectra of 5a+-7a +showed the presence of C3H8 N+ of 
moderate relative abundance attesting to N-H  bond 
cleavage in the intermediate radicals 5a'-7a °. In addi- 
tion, 5 was indicated by its molecular ion at m/z 127 in 
the NR spectrum of 5a ÷ (Figure 7). In contrast, the m/z 
127 and 58 ions were of negligible relative intensities in 
the NR spectrum of 8a +, indicating inefficient loss of 
hydrogen from 8a'. Loss of methyl from 5a'-8a" could 
not be established with certainty because of the lack of 
signature fragment ions. The potential neutral interme- 
diates, N-methylhexenylamines, were expected to dis- 
sociate by a-cleavage following ionization to form 
CH2~NHCH 3 at m/z 44 [49], which, however, coin- 
128 
~ . .  127 
112[  
i , , , , i , , , , i , 1 , , i  . . . .  F . . . .  I ' ' ' ' 1  . . . .  ] . . . .  i . . . .  F . . . . . . . .  I ' ' ' ' 1  
10 20 30 40 50 60 70 80 90 100 1"10 120 130 
m/z 
45 5 25x 
r . . . .  i . . . .  i . . . .  r . . . .  i . . . .  I . . . .  i . . . .  i . . . .  i i i i 
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m/z 
LI Jlll4  
10 20 30 40 50 60 70 80 90 100 1"10 120 130 
tT//Z 
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m/z 
Figure 7. Neutralization-reionization mass pectra of (a) 5a +, (b) 
6a +, (c) 7a +, and (d) 8a +. The small peaks of m/z 94 and 107 in the 
spectrum of 8a ÷ are probably artifacts. The collision conditions 
were as in Figure 1. Insets show the (M + H) + ~regions in the CI 
mass spectra. 
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Figure 8. Neutralization-reionization mass pectrum of8b +. The 
collision conditions were as in Figure 1. 
cided by mass with the fragment from dissociation of 
dimethylamine. Loss of methyl was weakly indicated 
by the presence of the fragment at m/z 112 in the NR 
spectrum of 5a +. 
Deuterium labeling in 8b + resulted in mass shifts of 
the dimethylamine ions, which appeared at m/z 45 and 
46 (Figure 8). In contrast, no mass shifts due to the 
presence of deuterium were observed for the hydrocar- 
bon fragments at m/z 82, 65-67, 50-55, and 38-42. This 
implied that intramolecular t ansfer of the ammonium 
deuteron did not compete with the bond dissociations. 
The results from analysis of the NR spectra of 
5a+-8a + can be summarized as follows. Hypervalent 
hexenyldimethylammonium radicals 5a'-8a" were un- 
stable on the 5.4-/~s time scale of these measurements. 
The allylic dimethylammonium radical 8a" dissociated 
mainly by N-C bond cleavage, whereas losses of H" and 
CH3 ° were less efficient. Radicals 5a°-7a" dissociated by 
N-C and N-H bond cleavages. The dissociations of 
5a'--Sa" were similar to those of the saturated N,N- 
dimethyl-n-heptylammonium radical described previ- 
ously [13]. 
Conclusions 
This combined experimental nd computational study 
of hypervalent organic ammonium radicals allowed us 
to arrive at the following conclusions. The calculations 
predicted that primary ammonium radicals were 
bound, whereas complete dissociation was observed 
upon neutralization-reionization in the gas phase. The 
bond dissociation energies in the radicals thus must be 
low. Competing dissociations by N-H and N-C bond 
cleavages were observed for radicals in which the 
double bond was in the remote 3-, 4-, or 5-positions. 
Hypervalent ammonium radicals of the allylic type 
showed predominant cleavage of allylic N-C bonds 
whereas the N-H bond cleavage was less frequent. 
These dissociations may proceed competitively from 
the same electronic state. Deuterium labeling showed 
that there was no hydrogen exchange between the 
ammonium groups and the hexenyl double bonds. This 
result was interpreted by DFF calculations, which 
showed that the interaction between the ammonium 
group and the double bond was repulsive and pre- 
vented hydrogen transfer. The reasons for the preferen- 
tial N-H bond dissociation as opposed to H transfer are 
kinetic in nature, because both reactions are exothermic 
and therefore thermodynamically possible. 
DFT analysis also showed that hydrogen transfer 
was possible in hypervalent radicals derived from un- 
saturated ethers. The oxonium radicals were unbound 
with respect to exothermic dissociation of the O-H 
bond. The repulsive nature of the O . - .  H interaction 
may provide kinetic energy for the departing hydrogen 
atom that allows it to overcome a small activation 
barrier for addition to a suitably positioned C==C 
double bond. The favorable interaction of the O--H 
bond and the C==C double bond is secured by hydro- 
gen bonding in the precursor cation, which is preserved 
in the nascent radical due to the femtosecond time scale 
of fast collisional transfer. 
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